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ABSTRACT

Current oil well perforation techniques use low- to medium-velocity gun launchers for
completing wells in soft rock. Shaped-charge jets are normally used in harder, more
competent rock. A launcher for a hypervelocity projectile to pe used in well perforation
applicatons has been designed. This launcher will provide an alternative technique to be
used when the convenuonal devices do not vield the maximum well pertoration. Itis an
adaptation of the axial cavity in a high explosive (HE) annulus design, with the axial
cavity being filled with a low density foam matenal. Two configurations were tested:
both had an HE annulus filled with organic foam, one had a projectile. Comparison of
the two shots was made. A time sequence of Image Intensifier Camera photographs and
sequential, orthogonal flash x-ray radiographs provided information on the propagatioa of
the foam fragments, the first shock wave disturbance, the projectile moticn and
defcrmation, and the direct shock wave transmission from the main HE charge.
Perforation tests of both device configurations (with and without the pellet) into
steel-jacketed sandstone cylinders were mad~. Static radiographs of the cavities in the
sandstone showed similar cavities, however, the perforation of the steel cap was larger in
response to the pellet. DYNA2D calculations were made to assist in the interpretation of
the experimental records. The preliminary results show promise that a useful perforating
tool can be developed. Plans for an extended experimental program are outlined.

INTRODUCTION

A study has been imuated at Los Alamos National Laboraiorv 10 evaluate the application
ot hypervelocity launcners tor rock penetration trom cased oi! and gas wells. Current oil
well pertoranon technigues use low- 1o medium-velocity gun launchers for completing
wells 1n soft rock. Shaped-charge jets are normally used in harder. more competent rock.
in this paper a device 1o create a much higher velocity projectile is proposed. This
launcher will provide an alternative techmgque 10 be nsed when the conventional devices
do not vield the maximum well pertormance. The overall goal of the study is to elucidate
the etfecis of a hypervelocity penetrator on rock after passage through well casing. as

contrasted with the well-known effects of the typical et pertorator. or shaped-charge
pertoriator

As an initial ster. a projectile dnver vas designed to accelerate a pellet to high velocity
within the contimng dimensions of typical o1l and gas wells. In the basic design the
protectle wis ddniven by et produced by a toam-filled a=ial cavity contiined 1n a tamped
annutus of Hipn Explosive (HE ), Provision tor lateral continement, detonator leads and
assockited clectzomes, and end-on blast suppression were also included.



DYNA2D calculadons of the detonation of the HE and the subsequent compression of the
foam-filled cavity indicate that a high-velocity, compressed foam slug is developed. This
foam slug, which resembles bur is not exactly equal to a jet in the axial cavity, may be
used either as the penerrator itself or as the dnver for a small projectile. The mechanical
properties of the foams were specified by the initial and fully compacted densities, the
loading and unloading curves in the pressure-volumemwic strain space. and the shear
behavior, modeled as a von Mises elastic-pertectly plastic matenal. Design parameters
that affect performance are details of the detonation of the annular explosive, the
composition of the foamn material. the rauo of the foam cavity diameter to the HE exterior
diameter, the blast shield configuration, and device standoff and exit geometry.

A series of tests was designed to evaluate the basic design., to refine materials selection.
and to study the performance of the launcher in penemating rock. Two foam materials
were selected and an axial cavity geometry was specified. In this preliminary phase of the
program, two shots were fired. One organic foam and one projectile were selected: the
experiments were conducted with and without the projectile 10 obtain preiiminary
information on the compressed foam plug and then on its effect on the projecitile.
Radiographs were taken of the foam mass as it exited the cavity, defiring its shape and
kinetic energy upon emergence. For eacn of these shots a witness plate was used to
compare deformaticn from the projectile. and from the directly ransmitted axial pulse
from the compressed foam and HE. After this information is processed. shots will be
fired into a sandstone target cemented in a contining steel jacket at standoff distances that
iare tvpicad of the aownhole conriguration,

A discussion of the test results is included. which provides guidelines for the next
iteration of device design, for refinements in target design. for post-test characterization,
and for maximizing damage to the rock produced through fracturing. The preliminary
tests show sufficient potental that further development is recommended.

BACKGROUND
Well Perforation Problem

Petroleum fluids (oil and natural gas) are generated at a

“source rock" by the decay of organic matter in an anaerobic environment. Because of

their bouyvancy, these hydrocrbons migrate along permeable beds in a generally upward

direction until they are trapped by overiving or blocking geological structures (such as

low-permeability “cap rock™) or by pinch-out eftects. The region of the trap is the
reservorr rock ™ and contains both water and petroicum tluids.

The simplest way to provide fluid fiow 1s e drill productuon holes into the reservoir and
leave the bottom of the holes unlined. These are “open-hole compictions”. Oil drains 1nto
the well from the sides and is collected from the bottom of the hole.

Normally. to prevent sidewall cave-ins and overburden-induced pinchoff, the drillholes
arc lined with a steed casing. which is cemented in place.  To provide tor fluid access.
holes are cut through the steel and cement into the reservoir rock. A perforaung tool is
used for this pupose. A series of radial holes are created which pass trom the intenor of
the well. through the casing, and through the cement. into the surrounding rock. The
results of the pertoration are illustrated in Fig. 1. Hvdrocarbons driain into these holes,
flow along them 1o the wellbore. and are then pumped to the surface.

‘There are three methods of pertoranon. The tirst, gun perforaung. which dates tfrom
1932, uses a solid bullet. tired from a pun mounted inside the pertoratng tool. with the
axis ot the pun onented transverse to the axis of the well (Sawdon, 1943). The second.
et perforating, which dates trom 194K, uses a shaped charge with a liner. This fires a jet
imo the rock, (Birkhotf et al., 194%: Poulter Caldwell, 1957). The third is hvdraulic
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perforation. which is a high-pressure stream of particles (mainly water and drilling mud
with an abrasive added), which abrades a hole in the rock (Thompson, 1963).

The gun shouid be matched to the size of the casing. There is an annular gap between the
gun and the casing, the width of which is the "stand-off distance" between the gun and
target. A small gun with a large stand-off distance in a large pipe has reduced penetration,
because the projectile or shaped charge loses energy in penetrating the well fluid.

Space Limitations There are severe space limitations working inside a wellbore. The
main limitation is the inside diameter of the well casing, typically of the order of 10 10 20
cm. A second constraint is the transverse dimension of the perforaung string.

Typical Perforarion! on

The depths of perforation in typical reservoir rocks ranged from 7 to 30 cm for bullets and
10 to 45 cm for shaped charges (McConnell, 1957). Thompsoa (1963) examined the
effect of compressive strength upon penetration. For both bullets and shaped charges, the
diameter of the perforation hole decreased as compressive strength increased. Penetration
is best with bullets in soft formations, and with shaped charges in medium to hard
formaticns. Thompson's results imply a similanity between the processes of jet and
hvdraulic perforating. Deptn of penetration is controlled more by gun diameter than by
charge weight (Bell and Shore i965).

The shape, depth, and other details of perforations ca.not be determined in the field. A
standard test pracedure has been designed by the American Petroleum Institute (Krueger,
1985). The information on perforations comes from laboratory tests made according to
that standard (c.g. Bell and Shore, 1956; Halleck and Deo, 1989).

Under some test conditions, the 1ock fractures extensively, while in other tests, it does
not. With properly prepared specimens. damage to the rock caused by shaged charges
consists of a "halo" of compaction and pulverization products (Krueger, 1956), due to
plastic yield around the perforation (Birkhoff et al., 1948; Allen and Worzel, 1956;
Halleck and Deo, 1939). Bulle:s do not seem to crush the rock to the same extent, and
there are reports of cracking ahead of the bullet.

The usual shape of bullet holes is cylindrical. wirth a diameter equal to that of the bullet.

Pertoration holes due to shaped charges have the shape of a tapered cylinder or cone.
tsee Fig. 2.

In practice, shaped-charge perforations are not clean. tresh exposures of wall rock. In
some cases a plug obstructs the hole in the steel liuer. In other cases a carrot may plug the
hole in the rock. composed of the material derived from the shaped-charge liner, or debris
fallen back from the damage halo (Allen and Worzel, 1956). In other cases. the crushed
and compacted debris in the damage halo. or compacted mud swept cut of the drilling
fluid. may torm an impermeable film on the rock and plug the formation.

Neither bullet nor jet pertorution vields consistent and predictable results for the creation
of a flowing well. For those wells that need only an opening between the drillhole and
ihe rock matrix. the mechanism is known and reliable. For those wells wherein the

perforation process must open fluid flow channels. the mechanism is less well
understood.
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EXPERIMENTAL PROBLEM

Expenimental Background

Woodhead (1947 and 1959) demonstrated that, in a tubular charge of high explosive with
air as the material that filled the axial cavity, a very high pressure shock wave could be
generated in the air cavity. Woodhead and Titman (1965) reported a series of expenments
on cvlindrical annuli with the axial cavity filled with air. They showed that the mean
detonation velocity in the cylinder was slightly higher than in a solid piece of HE and that
a shock wave had been formed in the axial cavity. In a tubular piece of HE with an
air-filled axial cavity. the shock wave generated in the cavity had a steady velocity about
1.75 dmes that of the detonation wave in the HE. Funher. the detonaton wave in the HE
was enhanced by about 5% due to the svmbionc effect of the the pressure wave generated
by the air shock. The pressure in the axial cavity shock wave was significantly stronger
than the shock wave directly transmitted to the air trom the plane end of the annular HE
and had considerable force. This was demonstrated by the crater generated in a witness
plate. The craters generated from the HE with the cavity were a deep, narrow cavity.
which was formed first from the cavity air shock. and a broader, shallower crater from
the main blast. This second crater was essentially the same as the one created by the blast
from a solid cvlinder of HE. Ahrens (1965, made measurements on the blast. cratering.
and pertoration induced by a 70-mm-long. 50-mm-diameter cvlinder with a variety of
axial cavities. This tubular HE was 1gnited bv the singie-point detonation of the solid
cviinder o HE with the same extenior dimensions. The diaimeters of the axial ~avities
ranged from | mm tc 40 mm. This device created a jet or central siug of air that
pertorated a 40 mm thick plate of armor steel. No pertforation was noticed with either
pure HE 0. with an annulus with a very large axial cavity. The optimum perforation was
obtained with a cavity diameter of 6 mm. Cratering and spalling were noted in all cases.

Koski et al. (1952) conducted a series of experiments on cylindrical annuli of HE with
very thin metallic liners and with a vacuum within the liner. Their initiation me~hanism
was the same as the one in our present device. Rather than using the effective piane-wave
generation in the annular segment of the HE as in the cases above, they created an
effective outer-nim-circle source by using first a single-point detonator that ignited a
cylinder of HE, which was attached to the HE tube. A smaller diameter brass disk,
backed by a foam disk at the base of the HE cylinder, prevented immediate propagation of
the detonation wave. The detonation wave was thus forced to communicate with the HE
annulus at the outside of the brass plate. They reported jet or slug velocities emerging
trom the axial cavity in excess of 70 knvs. The jet material was from the very thin liner
and there wasn't much ot it

Wenzel (1987) reviewed otner explosivelv driven projectile launchers with similar
conrigurruony  In particuwar, he reported tnat cyvlindncal pieces of HE with axial cavities
filled with air had been used as projectile drivers in the early 1960s. He also reviewed an
unpublished report by Garza in 1982, which stated that the projectile driven by the air
shock 1n such a device was extremely deformed during the launch.

Further development of related devices continues. Thres current examples are cited,
McCall (1984) descnbed a device for hypervelocity projectiles using an annular piece of
HE. which was hined with steel and partially filled with foam. The remainder of the
cavity between the toam and a small projectile placed at the opposite end of the liner was
under a vacuum. The HE was detonated at one end and an one-dimenstonal shock wave
was induced in the foam segment. The foam expanding into the vacuum eventually struck
the projectile and a very gentle acceleration of the projectile ensued. McCall (1984)
aunbuted the genesis of ths concept to Stirling Colgate. The detonation of an annulus of
HE: surrounding a rod of polvethviene was modeled and tested by Adams et al. (1987).
‘The calculanon was divided into component pans: the formation of the rim initiator, the
main phase during which the detonation wave propagates along the HE annulus and
strongly compresses the toam rod. and the subsequent interaction of this wave with an
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expansion nozzle and a gun barrel. Marsh, et al. (1989) reported a similar hypervelocity
launcher. Thev used a 76.2 mm (3 in.) diameter by 76.2 mm (3 in.) long cylinder of
PBX 9501 to drive 2 19.1 mm (0.75 in.) diameter, 0.8 mm (1/32 in.) thick pellet of 304
stainless steel 10 a velocity of 6.4 km/s. The HE was detonated at a single point on its
rear face. The projectile was fired down a two-stage barrel, with 50.8 mm OD for the
first 50 mm length and 25.4 mm OD for the remaining 100 mm length. Their projectile
has a 1.6 mra (1/16 in.) standoff from the 9501 cvlinder.

Sescrintion of the devi

The HE launchers described in the previous section utilized either a very low pressure gas
in the axial cavity. in which case the shock wave in the cavity attained an extremely high
velocity: air at atmospheric conditions. in which case the shock in th. cavity was slightly
higher than the detonation velocity: or a very light density organic toam. In this latter
case. very high velocites were predicted along the axis, possibly due to phase changes in
the compressed foam (Adams, et al.. 1987).

Figure 3 shows the drawing of the experimental device. The main compo:ent i” the
cvlindrical annulus of PBX 9501 HE. The axial cavity has a diameter of 6 mm. which
was the optimum diameter in Ahrens” work. The device is initiated at a single-point
slapper detonator. with a PETN booster located on axis at the rear of the specimen. which
detonates a 3.2-mm disk of PBX 9407. The rim initiation in the HE annulus 1s provided
bv the insertuor of a foam-backed brass disk between the PBX 9407 disk and the PBX
9501 annulus. 't he axial cavity may be filled with air at atmospheric conditions or filled
with a foam cylinder. The radial exterior of the HE is encased in a 3-mm thick brass
cylinder. At the front base of the HE is a 6.35-mm (0.25 in) thick steel blast suppression
plate. This plate has a 6-mm minimum diameter hole, which is tapered at 20° to permit
passage of the either the cavity air shock or the compressed foam slug. A small steel
pellet, 6-mm diameter and approximately 1-to 3-mm thick, may abut the foam cylinder.

Finite E] Calcularions

The finite element code. DYNA2D, (Hallquist 1984) was used to perform preliminary
evaluations of the development and evolution of the compressed foam slug. The portions
of the device modeled are the high explosive annulus, the fcam filler that lies in the axial
cavity, and the exterior cartridge case. The brass modeled in this simulation was a 70%
Cu - 30% Zn aliov. designated Cu 26(XX). and commonly known as cartridge brass. The
HE is PBX 9501 and is descnibed by a Jones-Wilkins-Lee (JWL) equation of state. The
1ignition of the HE in the device is simulated bv detonating the HE over a washer-shap=d
area at one plane end of the annulus. The boundary condinion at the opposite end of the
HE. which simulates the blast suppressor plate. is approximated as if it were a rigid wall.

The constitutive equ:tion for the foam is described in the manual for DYNA2D (Hallquist
1984). The toam is described by two curves. the pressure-volume curve in initial
loading, unloading. and reloading. and a shear stress-shear strain curve. A typical
pressure-volume curve is shown in Fig. 4. The octahedral shear stress-octahedral strain
curve 1s a Drucker-Prager curve with no work-hardening and a vield stress aependent on
the pressure. The measurec properties of the toams of interest are very scarce. Limited
data on the pressure-volume curves in loading. unloading, and reloading were available.
s0 approximate curves were gencrated. Tavlor (1975, summarized .n Mader (1980))
measyred the Hugoniot properties of foamed polystyrene. The initial density was ().25
g/em, the rinal compacted density approximately 1.1 gzem® and the maximum value of
the unloading bulk modulus from a peak pressure of one Mbar was about 10) times that ot
the initial clasuc loading bulk modulus. The pressure-volume constitiive equation used
in the calculinions was approximated as piecewise linear. The value of the unloading
bulk modulus was varied between the initial elastuc modulus, which was approximated as
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100 kbar. and ten times that value. Several runs were made for each foam matenal 1o
bound the behavior of the compressed foam rod.

The qualitative behavior of all the computer simulations is described by the following
steps. The detonation is initiated at the outside rim of one end of the HE anrulus. A
detonation wave propagates from that point, striking the foam rod and compressing it. As
the detonz:ion proceeds along the rod-HE interface. the rod is compressed. The pnase
velocity is infinite initially, then decelerares. A convergent shock wave propagates 1nto
the foam rod. compressing the foam to the density of the main constituent matenal.
Behind this tirst shock. a faster rarefaction wave overtakes this initial shock. The radially
convergent shock reflects (actually. interacts with itself; from the symmetry axis and
propagates outwards, again with an overtaking rarefaction in pursuit. A Mach stem is
eventually formed on the axis. which 1s manifested in a central slug of compressed foam
moving along the axis with an appreciable velocity. Figure 5 shows the contours for axial

stress for planewave initiation in the HE annulus at 3.0 ps after initiation. Figure 6
shows the peak axial velocity as a funcuon of position along the axis for two typical
foams. One roam is described by an initial density of (0.4 g/cm3. an unload-reload bulk
modulus gf 100 kbar, an initial compaction strength of 1 kbar, and a compacted density of

1.0 g/cm*. The second foam is the same except for the unioad-reload bulk modulus.
which is 1 Mbar.

The comparison between plane initiation and rim initiation on the evolution of the peak
parucie veiocity 1s shown 1n Fig. 7. Several difterent foam models were evaluated. The
gualitative shape of the evolution of the peak foam velocity as the detonation sweeps
aiong the length of the rod remains the same: a rapid initial growth, followed by a slower
rise 1o a mature state (which would approach a steady state if the rod were long enough)
and terminated by the reflected shock from the blast plate. Depending on the initiation
model, the mataring phase may be either a slow nise to or a slow decrease from a
maximum. This latter-case prediction occurs when the unloading bulk modulus is very
stiff. The peak foam slug velocity that is atiained at the end of the rod approaches 5 to 6
km/s for the various approximations used. This development of a small slug: which
inidally forms just behind the shock front, extends its size, and then matures into a slowly
growing quasi-projectile; bears a qualitative resemblance to the formation of the
luminescent shock in the axial cavity in the experiments by Ahrens (1965) and Woodhead
and Titman (1965). Estimates of the kinetic energy in the foam slug; obtained using this
velocity. the maximum compressed density of the foam, and the dimensions of the slug
tfrom the finite element calculation) which are ().5-cm thick and 0.3-cm radius: are
approximately | 1o 2 kJ.

The high velocity compressed foam slug may be used to perforate the well casing and
rock mamnx directly or may be used to accelerate a small projectile that would be placed in
the orifice at the end of the cavity. Because of the space constraints on the total device.
the accelerauon of the projectile is likely to be inetticient. First, the foam slug has an
extreme radial gradient and. thus. the pressure applied to the projectile is not uniform.
Second. the momentum transter from the foam slug to the projectile involves the
transmission of a high intensity. non-umform shock wave. and the introduction of 4
nonuniform raretfacuon to the blast plate cover and the high pressure burnt gas. The
structure of the pressure pulse on the projectile will be diminished rapidly trom s
theoretical maximum. Since the projectile has the shape of a very thin disk (10 minimize
the transter ume of the momentuim trom the foam slux to the projectile and to maximize
the projectile energy and momentum in the short interval permatted). the projectile will
undergo severe distortion. Fedderson et al. (196K) showed that a thin plate of matenal
will distort. stretch, and thin drastically in response to a dvnamic pressure pulse and
vanous edge constraints,
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TEST RESULTS

Tests on two configurations are reported in detail in this paper. The axial cavity in both
was filled with a low density foam and both had the blast sup pression plate. One of these
configurations was also fired with a small steel projectile. The purposes of these shots
were to determine the properties of the foam slug and thence to ascertain the motion of the
steel projectile that might be accelerated by the foam plug. Then perforation tests into a
steel-jacketed sandstone specimen were to determine the caviry formation in a typical field
contiguration. For each configuiation a diagnostic shot with x-rays and a perforation test
were made. The foam used in these tests was polyurethane with an initial density of 0.35
g/cm?,

In this series of tests. two orthogonal flash x-rays were taken to determine the position of
the foam siug and the projectile as they exited the blast suppression plate. The x-ravs
were 150 keV. A sequence of four Image Intensifier Camera (I<C) images were taken at
selected times after initiation. The light source was an explosively driven argon candle.
Figure 8 shows the tvpical layout of the experimental test. The I.ocatiogs of te
specimen, the x-ray heads, the film cassettes, the argon light source, and the 1<C device
are shown. Additional biast shielding to protect the x-ray head and the film cassettes is
not shown.

Both of the configuations were fired into steel-jacketed sandstone cylinders. The
sandstone cylinders were 15.24 cm (6.0 in.) long, 15.24 cm (6.0 in.) in diameter. The
steel jacket was made from 1018 muld steel and was 0.635 cm (0.25 in.) thick. Epoxy
was used to fill the gaps between the sandstone specimen and the jacket. However, these
specimen tests do not match up to the API (Krueger 1985) test program criteria for
well-perforation simulation. To meet these concerns, an additional fluid immersion
system will need to be designed.

Preliminary T

A preliminary test was performed with only the confined annulus of high explosive and
the blast suppression plate to confirm the Woodhead and Titman (1965) and Ahrens
(1965) test results for this size device. No pellet was used and the axial cavity was filled
with air only. The device was placed in contact with eight 1/4 in. (0.635 cm) thick plates
of 1018 steel with the axis of the annulus normal to the interface. When the device was
deconated, a perforation cavity was formed with a depth of 15 mm (0.60 in.). The
pertoration 1s shown in Fig. 9.

Test Confi ion 1 - Axial Cavity Filled with F No Proieciil
The main annulus of PBX 9501 was 36.7 g., the PBX 9407 booster pellet was 2.7 g,
and the PETN booster was 0.8 g. The orthogonal flash x-rays were taken at 32.59 us

and 29.49 s after the initiation of the detonation sequence, respectively. Figure 10
shows the later flash x-ray image The foam that filled the cavity has broken up into a
sequence of cubically shaped small particles with a typical size of | mm. The maximum
velocity of the fragments is 5.5 ks and the average velocity in the field of view is about
4 kmys, which agrees with the range of particle velocities in an HE cylinder with an
air-tilled cavity as reviewed by Wenzel (1987). If the foam particles have heen
compressed to maximum density, the lead particle has about 20 kJ of kinetic energy.

Figure 11 shows the first of four 12C images, taken at 20 us after initiation. The
propagauon of the leading edge of th: air shock is 7.8 km/s. The expansion gas cloud.
pictured on the [-C images, completely contains the group of discrete particles shown on
the radiograph. The edge of the blast suppression plate has a velocity of 3.2 km/s,
which. if interpreted as twice the panicle velocity in the incident shock. implies a reflected
pressure n the HE annulus of about 750 to 8(X) kbar (which is consistent with the
Fugetso, Albright, Langner, und Burn; 7



estimated reflected shock pressure in the annulus or approximately twice the detonation
pressure). The first witness plate, 0.953 cm (0.375 in.) 1018 AISI steel was 25 cm trom
the base of the blast suppression plate. Three hemispherical craters approximately 0.3 -
0.6 cm (0.125 - 0.25 in.) deep were noted, which is consistent with impact by the
observed fragments.

The perforation test into the steel-capped sandstone cylinder vielded a cavity 27 mm deep
and a perforation hole in the steel about 5 mm in diameter. The blast suppression plate of
the device was positioned atop the steel-sandstone cylinder with a stand-off disance of
0.47 cm (3/16 in.).

The configuration for this test was the same as for the previous test except that a small
stainless steel (§S304) cylindrical disk. 6 mm diameter and 2 mm thick was glued on the

end of the foam cylinder. Figure 12 shows a tvpical flash radiograph at 40.87 us after
initiation. The steel projectile is emerging from the blast plate orifice. Results for the
motion of the gas cloud, small foam rragments. und blast suppression plate were obtained
in this shot and were almost identical to those of the previous contiguration. The gas
cloud and the toam fragments appeared to be a part of the blow-by that preceded the
petlet. The pellet had a normal velocity of 1.5 kmy/s as it passed the blast suppression
piate. A small number of significant craters were observed in the witness plate. No
specific crater could be identified as being generated by the projectile. Asssuming that a
constant pressure was acting on the pellet during the time it was exiting the suppression
plate, that pressure is estimated at approximately 14.5 kbar. This compares with the Tiian
pressure of 16 kbars implied in the Marsh et al. (1989) experiment.

The perforation test into the steel-capped sandstone cylinder yielded a cavity 25 mm deep
and a perforation hole in the steel about 8 mm in diameter.

Comparison of the Two Test Configuras

The main disturbance from both test configurations is the gas blowby. Embedded in this
rzpidly expanding cloud are many high-velocity foam fragments. The distribution and
velocities of these feaures are essentially the same for both devices. Motion of the blast
suppression plate indicates that the detonation was the same in both configurations and
was that expected. The pellet. present in only one test configuration. had a fairly low
velocity. This is to be expected since the pellet had only a short run urder pressure
which, however, matched the internal pressure of a much higher velocity gun. Figure 13
shows the static post-shot radiographs of the cavities in the steel-capped sandstone
cvlinders. Figure 14 shows the perforation hoies in the 1018 steel cap for the two
configurations. The perforation width with the pellet is wider, but the depth of the crater
is about 2 mm less. These specimens will be sectioned. The number and extent of the
newly formed microcracks will be measured and reported clsewhere.

CONCLUSIONS AND FUTURE PLANS

The design and preliminary testing of a hypervelocity launcher for the oil well perforation
process have been completed. The device, which must meet severe size and explosive
charze restnctions, is an adaptation and amalgamation of three old configurations. the
concepts tor which date back at least forty years, The basic device is a tamped cylinder of
HE with a small diameter axial cavity. The cavity is filled with a low density foam, cither
organic or metallic. The HE annulus is detonated at the outside rim by means of a wave
shaper. The material in the axial cavity is rapidly accelerated by the iction of the
convergent detonation and shock waves. A highly compressed (and possibly ionized)
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slug of foam is propelled down the axial cavity. A mixture of burnt detonation gases and
the foam is ejected from the HE. A blast suppression plate at the end of the HE has a
small orifice to permit passage of the compressed material in the axial cavity while
reflecting and retarding the pressures in the main detonation wave.

Tests on two confignrations were reported here. The first test configuration has only a
foam-filled axial cavity, while the latter adds a small steel projectile which is initially at the
end of the axial cavity. In the first test the foam cylinder was accelerated to fairly high
velocities and broke up very quickly into small fragments. The fragment velocities ranged
from about 2 to 5.5 km/s and several of the fragmgnts were approximately 1 mm3. The
leading edge of the disturbance as shown by the 1C images had a vclocity of about 7.8
kmy/s. The blast that propagated through the blast suppressor plate arrived significantly
later than the other two phenomena. The pellet was accelerated to the {airly low velocity
of 1.5 km/s in the very shor: launch distance. The effective pressure acing on the pellet
was about the same as that generated by Marsh et al. (1989). The burnt gases and the
foam fragments blew by the projectile and have about the same velocities and energies of
the test without tne pellet. The modon of the blast suppressor plate was the same in both
tests. The foam plug and projectile acceleration for one foam and one HE configuraton are
thus determained.

Perforation and penctration tests of the two device configurations into a steel-jacketed
sandstone cylinder were carried out. The penetration depth into the sandstone was
similar, with the penetration from the device with no pellet being slightly deeper.
Perforation of the steel cap was greater with the steel pellet. We hus conclude that the
major contributions to the force acting upon the sample come from the expanding burnt
gases and the fragmented foam cylinder. The contribution from the pellet is limited.

The preliminary test results shown in this paper indicate that a high velocity projectile and
a stream of small, high velocity compressed foam pa.ticles can be generated in a
confined volume. Either configuration perforates the stecl_&l:.te modeling the casing and
generates a significant cavity 1n the sandstone cylinder. is design thus adds another
too! for downhole perforation. To continue exploration into the utility of this device in its
intend~d application, a more extensive series of experiments has been planned in the
coatinuing phase of this A second, denser, organic foam will be examined as
will two densities of copper foam. Again, selected combinations of foam alone and foam
with a small projectile will be examined.

Since the main purpose of this program is the development of a high velocity gun for oil
well perforation, several experiments wherein either a high velocity foam plug or the
pellet will be driven into steel-jacketed sandstone cylinders have been carmied out to
determine the perforation parameters. Perforation creates consistent and predictable
results for accessing the fluid in the rock formation in a completed well. For those wells
that need only an opening between the drillhole and the rock matrix, the mechanism is
known and reliable. For those wells wherein the perforation process must open fluid
flow channels, the mechanism is less well understood. Techniques to determine the
number, extent, and quality (inter- or intra-granular) of the fractures induced (created or
extended) by the impact and the changes in porosity, are under current development and
will be reportea elsewhere.
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